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(57) ABSTRACT

A method for heating hydrocarbon resources in a subterra-
nean formation may include positioning a tubular conductor
within a wellbore in the subterranean formation and slidably
positioning a radio frequency (RF) transmission line within
the tubular conductor so that a distal end of the transmission
line is electrically coupled to the tubular conductor. The
method may also include supplying RF power, via the RF
transmission line, to the tubular conductor so that the tubular
conductor serves as an RF antenna to heat the hydrocarbon
resources in the subterranean formation.

17 Claims, 7 Drawing Sheets
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. ({START } .

\

POSITION A TUBULAR CONDUCTOR WITHIN THE WELLBORE \84

\

SLIDABLY POSITION A RADIO FREQUENCY (RF)
TRANSMISSION LINE WITHIN THE TUBULAR CONDUCTOR SO
THAT A DISTAL END OF THE RF TRANSMISSION LINE IS \86
ELECTRICALLY COUPLED TO THE TUBULAR CONDUCTOR

\

SUPPLY RF POWER, FROM AN RF SOURCE AND VIA
THE RF TRANSMISSION LINE, TO THE TUBULAR
CONDUCTOR 50 THAT THE TUBULAR CONDUCTOR SERVES |~
AS AN RF ANTENNA TO HEAT THE HYDROCARBON 88
RESOURCES IN THE SUBTERRANEAN FRORMATION

FLOW A FLUID THROUGH THE TUBULAR CONDUCTOR (EG.
DIELECTRIC FLUD, A SOLVENT, AND/OR A HYDROCARBON
RESOURCE AND TO ADJUST PRESSURE AND/OR R
TEMPERATURE)

\

SLIDABLY REMOVE THE RF TRANSMISSION LINE AFTER
SUPPLYING RF POWER g9

\

SLIDABLY POSITION ANOTHER RF TRANSMISSION LINE
WITHIN THE TUBULAR CONDUCTOR SO THAT A DISTAL END
OF THE ANOTHER TRANSMISSION LINE IS ELECTRICALLY \94
COUPLED TO THE TUBULAR CONDUCTOR

)
| END l-\
96

FIG. 3
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1
METHOD OF HEATING A HYDROCARBON
RESOURCE INCLUDING SLIDABLY
POSITIONING AN RF TRANSMISSION LINE
AND RELATED APPARATUS

FIELD OF THE INVENTION

The present invention relates to the field of hydrocarbon
resource recovery, and, more particularly, to hydrocarbon
resource recovery using RF heating.

BACKGROUND OF THE INVENTION

Energy consumption worldwide is generally increasing,
and conventional hydrocarbon resources are being con-
sumed. In an attempt to meet demand, the exploitation of
unconventional resources may be desired. For example,
highly viscous hydrocarbon resources, such as heavy oils,
may be trapped in tar sands where their viscous nature does
not permit conventional oil well production. Estimates are
that trillions of barrels of oil reserves may be found in such tar
sand formations.

In some instances these tar sand deposits are currently
extracted via open-pit mining. Another approach for in situ
extraction for deeper deposits is known as Steam-Assisted
Gravity Drainage (SAGD). The heavy oil is immobile at
reservoir temperatures and therefore the oil is typically heated
to reduce its viscosity and mobilize the oil flow. In SAGD,
pairs of injector and producer wells are formed to be laterally
extending in the ground. Each pair of injector/producer wells
includes a lower producer well and an upper injector well.
The injector/production wells are typically located in the pay
zone of the subterranean formation between an underburden
layer and an overburden layer.

The upper injector well is used to typically inject steam,
and the lower producer well collects the heated crude oil or
bitumen that flows out of the formation, along with any water
from the condensation of injected steam. The injected steam
forms a steam chamber that expands vertically and horizon-
tally in the formation. The heat from the steam reduces the
viscosity of the heavy crude oil or bitumen which allows it to
flow down into the lower producer well where it is collected
and recovered. The steam and gases rise due to their lower
density so that steam is not produced at the lower producer
well and steam trap control is used to the same affect. Gases,
such as methane, carbon dioxide, and hydrogen sulfide, for
example, may tend to rise in the steam chamber and fill the
void space left by the oil defining an insulating layer above the
steam. Oil and water flow is by gravity driven drainage, into
the lower producer.

Operating the injection and production wells at approxi-
mately reservoir pressure may address the instability prob-
lems that adversely affect high-pressure steam processes.
SAGD may produce a smooth, even production that can be as
high as 70% to 80% of the original oil in place (OOIP) in
suitable reservoirs. The SAGD process may be relatively
sensitive to shale streaks and other vertical barriers since, as
the rock is heated, differential thermal expansion causes frac-
tures in it, allowing steam and fluids to flow through. SAGD
may be twice as efficient as the older cyclic steam stimulation
(CSS) process.

Many countries in the world have large deposits of oil
sands, including the United States, Russia, and various coun-
tries in the Middle East. Oil sands may represent as much as
two-thirds of the world’s total petroleum resource, with at
least 1.7 trillion barrels in the Canadian Athabasca Oil Sands,
for example. At the present time, only Canada has a large-
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scale commercial oil sands industry, though a small amount
of oil from oil sands is also produced in Venezuela. Because
of increasing oil sands production, Canada has become the
largest single supplier of oil and products to the United States.
Oil sands now are the source of almost half of Canada’s oil
production, although due to the 2008 economic downturn
work on new projects has been deferred, while Venezuelan
production has been declining in recent years. Oil is not yet
produced from oil sands on a significant level in other coun-
tries.

U.S. Published Patent Application No. 2010/0078163 to
Banerjee et al. discloses a hydrocarbon recovery process
whereby three wells are provided, namely an uppermost well
used to inject water, a middle well used to introduce micro-
waves into the reservoir, and a lowermost well for production.
A microwave generator generates microwaves which are
directed into a zone above the middle well through a series of
waveguides. The frequency of the microwaves is at a fre-
quency substantially equivalent to the resonant frequency of
the water so that the water is heated.

Along these lines, U.S. Published Application No. 2010/
0294489 to Dreher, Jr. et al. discloses using microwaves to
provide heating. An activator is injected below the surface and
is heated by the microwaves, and the activator then heats the
heavy oil in the production well. U.S. Published Application
No. 2010/0294488 to Wheeler et al. discloses a similar
approach.

U.S. Pat. No. 7,441,597 to Kasevich discloses using a radio
frequency generator to apply RF energy to a horizontal por-
tion of an RF well positioned above a horizontal portion of an
oil/gas producing well. The viscosity of the oil is reduced as
a result of the RF energy, which causes the oil to drain due to
gravity. The oil is recovered through the oil/gas producing
well.

Unfortunately, long production times, for example, due to
a failed start-up, to extract oil using SAGD may lead to
significant heat loss to the adjacent soil, excessive consump-
tion of steam, and a high cost for recovery. Significant water
resources are also typically used to recover oil using SAGD,
which impacts the environment. Limited water resources may
also limit oil recovery. SAGD is also not an available process
in permafrost regions, for example.

Moreover, despite the existence of systems that utilize RF
energy to provide heating, such systems may suffer from
inefficiencies as a result of impedance mismatches between
the RF source, transmission line, and/or antenna. These mis-
matches may become particularly acute with increased heat-
ing of the subterranean formation.

SUMMARY OF THE INVENTION

In view of the foregoing background, it is therefore an
object of the present invention to provide a hydrocarbon
resource heating method and apparatus that provides more
efficient hydrocarbon resource heating.

This and other objects, features, and advantages in accor-
dance with the present invention are provided by a method for
heating hydrocarbon resources in a subterranean formation
that includes positioning a tubular conductor within a well-
bore in the subterranean formation, and slidably positioning a
radio frequency (RF) transmission line within the tubular
conductor so that a distal end of the transmission line is
electrically coupled to the tubular conductor. The method also
includes supplying RF power, via the RF transmission line, to
the tubular conductor so that the tubular conductor serves as
an RF antenna to heat the hydrocarbon resources in the sub-
terranean formation.
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The method may further include slidably removing the RF
transmission line after supplying RF power. The method may
further include slidably positioning another RF transmission
line within the tubular conductor so that a distal end of the
another transmission line is electrically coupled to the tubular
conductor, for example. Accordingly, the method may advan-
tageous increase hydrocarbon resource heating efficiency, for
example, by permitting removal of the RF transmission line
and substitution of another RF transmission line for adjust-
ment of impedance as the formation is heated.

The tubular conductor may carry an electrical receptacle
therein, and the RF transmission line may carry an electrical
plug at the distal end thereof. Slidably positioning the RF
transmission line may include slidably positioning the RF
transmission line so that the electrical plug engages the elec-
trical receptacle, for example.

Positioning the tubular conductor may include positioning
the tubular conductor with a tubular dielectric section therein
so that the tubular conductor defines a dipole antenna, for
example. Slidably positioning the RF transmission line may
include slidably positioning a coaxial RF transmission line.

The method may further include flowing at least one fluid
through the tubular conductor. Flowing the at least one fluid
may include flowing the at least one fluid to control at least
one of a temperature and pressure. Flowing the at least one
fluid may include flowing at least one of a dielectric fluid, a
solvent, and a hydrocarbon resource.

An apparatus aspect is directed to an apparatus for heating
hydrocarbon resources in a subterranean formation having a
wellbore therein. The apparatus includes a tubular conductor
positioned within the wellbore. The tubular conductor has an
electrical receptacle carried therein. A radio frequency (RF)
transmission line has an electrical plug carried at a distal end
thereof slidably positioned within the tubular conductor so
that the electrical plug engages the electrical receptacle. The
apparatus also includes an RF power source configured to
supply RF power, via the RF transmission line, to the tubular
conductor so that the tubular conductor serves as an RF
antenna to heat the hydrocarbon resources in the subterranean
formation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a subterranean formation
including an apparatus in accordance with the present inven-
tion.

FIG. 2 is an enlarged schematic diagram of a portion of the
apparatus of FIG. 1.

FIG. 3 is a flow chart of a method of heating hydrocarbon
resources in accordance with the present invention.

FIG. 4 is a partial cross-sectional view of a portion of the
apparatus of FIG. 1.

FIG. 5 is another partial cross-sectional view of a portion of
the apparatus of FIG. 1.

FIG. 6 is yet another partial cross-sectional view of a por-
tion of the apparatus of FIG. 1.

FIG. 7 is an enlarged schematic diagram of a portion of an
apparatus in accordance with another embodiment of the
present invention.

DETAILED DESCRIPTION

The present invention will now be described more fully
hereinafter with reference to the accompanying drawings, in
which preferred embodiments of the invention are shown.
This invention may, however, be embodied in many different
forms and should not be construed as limited to the embodi-
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ments set forth herein. Rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will fully convey the scope of the invention to those
skilled in the art. Like numbers refer to like elements through-
out, and prime notation is used to indicate like elements in
different embodiments.

Referring initially to FIGS. 1 and 2, and with respect to the
flow chart 80 in FIG. 3, an apparatus 20 and method for
heating hydrocarbon resources in a subterranean formation
21 are described. The subterranean formation 21 includes a
wellbore 24 therein. The wellbore 24 illustratively extends
laterally within the subterranean formation 21. In other
embodiments, the wellbore 24 may be a vertically extending
wellbore. Although not shown, in some embodiments a
respective second or producing horizontal wellbore may be
used below the wellbore 24, such as would be found in a
SAGD implementation, for the collection of oil, etc., released
from the subterranean formation 21 through RF heating.

Referring additionally to FIGS. 4-6, beginning at Block 82,
the method includes positioning a tubular conductor 30
within the wellbore 24 (Block 84). The tubular conductor 30
may be slidably positioned through an intermediate casing
25, for example, in the subterranean formation 21 extending
from the surface. The tubular conductor 30 may couple to the
intermediate casing 25 via a thermal liner packer 26 or debris
seal packer (DSP), for example. In particular, the intermedi-
ate casing 25 may be a TenarisHydril Wedge 563™ 1334" J55
casing available from Tenaris S.A. of Luxembourg. The tubu-
lar conductor 30 may be a tubular liner, for example, a slotted
or flush absolute cartridge system (FACS) liner. In particular,
the tubular conductor 30 may be a TenarisHydril Wedge
532™ 10%4" stainless steel liner also available from Tenaris
S.A. of Luxembourg. Of course either or both of the interme-
diate casing 25 and tubular conductor 30 may be another type
of casing or conductor.

The tubular conductor 30 has a tubular dielectric section 31
therein so that the tubular conductor defines a dipole antenna.
In other words, the tubular dielectric section 31 defines two
tubular conductive segments 32a, 325 each defining a leg of
the dipole antenna. Of course, other types of antennas may be
defined by different or other arrangements of the tubular
conductor 30. The tubular conductor 30 may also have a
second dielectric section 35 therein defining a balun isolator.
The balun isolator 35 may be adjacent the thermal packer 26.
Additional dielectric sections may be used to define addi-
tional baluns.

The tubular conductor 30 carries an electrical receptacle 33
therein. More particularly, the electrical receptacle 33
includes first and second electrical receptacle contacts 34a,
345 that electrically couple, respectively, to the two tubular
conductive segments 32a, 32b. Each of the first and second
electrical receptacle contacts 34a, 345 may have openings
36a, 365 therein, respectively, to permit the passage of fluids,
as will be explained in further detail below.

At Block 86, the method includes slidably positioning a
radio frequency (RF) transmission line 40 within the tubular
conductor 30 so that a distal end 41 of the RF transmission
line is electrically coupled to the tubular conductor. In par-
ticular, the RF transmission line 40 is illustratively a coaxial
RF transmission line and includes an inner conductor 42
surrounded by an outer conductor 43. An end cap 51 couples
to the inner conductor 42 and extends outwardly therefrom.
The end cap 51 may be an extension of the second electrical
receptacle contact 34b. The inner conductor 42 may be
spaced apart from the outer conductor 43 by dielectric spacers
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52. The dielectric spacers 52 may have openings 53 therein to
permit the passage or flow of fluids, as will be explained in
further detail below.

The RF transmission line 40 carries an electrical plug 44 at
the distal end 41 to engage the electrical receptacle 33. More
particularly, the electrical plug 44 includes first and second
electrical plug contacts 45a, 456 electrically coupled to the
inner and outer conductors 42, 43. The first and second elec-
trical plug contacts 45a, 45b engage the first and second
electrical receptacle contacts 34a, 34b of the electrical recep-
tacle 33.

Each electrical plug contact 45a, 456 may include an elec-
trically conductive body 48a, 486 and spring contacts 49a,
495 that may deform when compressed or coupled to the first
and second electrical receptacle contacts 34a, 34b. Of course,
other or additional types of electrical plugs 44 and/or cou-
pling techniques may be used. The RF transmission line 40 at
the distal end 41 may be spaced from the tubular conductor 30
by dielectric spacers 47, for example, bow spring centralizers.

At Block 88, the method includes supplying RF power,
from an RF source 28 and via the RF transmission line 40, to
the tubular conductor 30 so that the tubular conductor serves
as an RF antenna to heat the hydrocarbon resources in the
subterranean formation 21.

The method may include flowing a fluid through the tubu-
lar conductor 30 (Block 90). The fluid may include a dielec-
tric fluid, a solvent, and/or a hydrocarbon resource. For
example, the tubular conductor 30 and the RF transmission
line 40 may be spaced apart to define a fluid passageway 55.
A solvent may be flowed through the fluid passageway 55. In
some embodiments, the solvent may be dispersed into the
subterranean formation 21 through openings in the tubular
conductor 30 adjacent the hydrocarbon resources.

In some embodiments, a fluid may be circulated through
the RF transmission line 40. For example, the inner conductor
42 may be tubular defining a first fluid passageway 56, and the
outer conductor 43 may be spaced apart from the inner con-
ductor to define a second fluid passageway 57. A coolant, for
example, may be passed through the first fluid passageway 56
from above the subterranean formation 21 to the RF antenna,
and the coolant may be returned via the second fluid passage-
way 57. Of course, other fluids may be passed through the first
and second fluid passageways 56, 57, and the fluid may not be
circulated. In other embodiments, the fluid may be passed
through other or additional annuli.

In other embodiments, for example, as illustrated in FIG. 7,
an additional casing 61' or annuli, may surround the RF
transmission line 40" and define a balun. The additional casing
61' may define a third fluid passageway 62', for example. In
some embodiments, the third fluid passageway 62' may be
filled with a balun fluid whose level may be adjusted, for
example, to match resonate frequency of the balun to the
resonate frequency of the RF antenna. For example, as the
subterranean formation 21' changes, the frequency may be
adjusted, and thus, also the balun. A pressure check valve may
be used to return balun fluid via a fluid passageway desig-
nated for fluid return. Additional casings may be used to
define additional baluns.

A temperature sensor 29 and/or a pressure sensor 27 may
be positioned in the tubular conductor 30, or more particu-
larly, coupled to the RF transmission line 40. The fluid may be
flowed (Block 90) to control the temperature and/or pressure.
Other or additional sensors may be positioned in the wellbore
24, and the fluid may be flowed to control other parameters.

After supplying RF power to heat the hydrocarbon
resources, if, for example, the properties of subterranean for-
mation 21 or RF antenna changed (i.e., impedance), the RF
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transmission line 40 may be slidably removed (Block 92). Of
course, the RF transmission line 40 may be removed for any
or other reasons.

If, for example, additional heating of the hydrocarbon
resources is desired, the method may include slidably posi-
tioning another RF transmission line within the tubular con-
ductor 30 so that a distal end of the another transmission line
is electrically coupled to the tubular conductor (Block 94).
The method ends at Block 96.

Indeed, the apparatus 20 may advantageously support mul-
tiple hydrocarbon resource processes, for example, injection
of'a gas or solvent while RF power is being supplied, produc-
ing or recovering hydrocarbon resources while applying RF
power, and using a single wellbore for injection and produc-
tion. Performing these functions, for example, without an
additional wellbore, may provide increased cost savings, thus
increasing efficiency.

Moreover, the apparatus 20 allows removal of the RF trans-
mission line 40 from the wellbore 24, and common mode
suppression, thus resulting in further cost savings. Also, the
RF transmission line impedance may be adjusted during use,
which may result in even further cost savings and increased
efficiency. For example, at startup (1-2 years) a 50-Ohm RF
transmission line may be used. For long term operation (e.g.
after 2 years), a 25-30 Ohm RF transmission line may be used.

Many modifications and other embodiments of the inven-
tion will also come to the mind of one skilled in the art having
the benefit of the teachings presented in the foregoing
descriptions and the associated drawings. Therefore, it is
understood that the invention is not to be limited to the spe-
cific embodiments disclosed, and that modifications and
embodiments are intended to be included within the scope of
the appended claims.

That which is claimed is:

1. A method for heating hydrocarbon resources in a sub-
terranean formation comprising: positioning a tubular con-
ductor within a wellbore in the subterranean formation; slid-
ably positioning a radio frequency (RF) transmission line
comprising an inner conductor surrounded by an outer con-
ductor within the tubular conductor while the tubular conduc-
tor is within the wellbore so that a distal end of the transmis-
sion line is electrically coupled to the tubular conductor via
first and second electrical contacts coupled respectively to the
inner and outer conductors; and supplying RF power, via the
RF transmission line, to the tubular conductor so that the
tubular conductor serves as an RF antenna to heat the hydro-
carbon resources in the subterranean formation.

2. The method of claim 1, further comprising slidably
removing the RF transmission line after supplying RF power.

3. The method of claim 2, further comprising slidably
positioning another RF transmission line within the tubular
conductor so that a distal end of the another transmission line
is electrically coupled to the tubular conductor.

4. The method of claim 1, wherein the tubular conductor
carries an electrical receptacle therein, the RF transmission
line carries an electrical plug at the distal end thereof and
comprising the first and second electrical contacts; and
wherein slidably positioning the RF transmission line com-
prises slidably positioning the RF transmission line so that the
electrical plug engages the electrical receptacle.

5. The method of claim 1, wherein positioning the tubular
conductor comprises positioning the tubular conductor with a
tubular dielectric section therein so that the tubular conductor
defines a dipole antenna.

6. The method of claim 1, further comprising flowing at
least one fluid through the tubular conductor.
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7. The method of claim 6, wherein flowing the at least one
fluid comprises flowing the at least one fluid to control at least
one of a temperature and pressure.

8. The method of claim 6, wherein flowing the at least one
fluid comprises flowing at least one of a dielectric fluid, a
solvent, and a hydrocarbon resource.

9. A method for heating hydrocarbon resources in a sub-
terranean formation having a wellbore therein and having a
tubular conductor within the wellbore, the method compris-
ing: slidably positioning a radio frequency (RF) transmission
line comprising an inner conductor surrounded by an outer
conductor within the tubular conductor while the tubular con-
ductor is within the wellbore so that a distal end of the trans-
mission line is electrically coupled to the tubular conductor
via first and second electrical contacts coupled respectively to
the inner and outer conductors; and supplying RF power, via
the RF transmission line, to the tubular conductor so that the
tubular conductor serves as an RF antenna to heat the hydro-
carbon resources in the subterranean formation.

10. The method of claim 9, further comprising slidably
removing the RF transmission line after supplying RF power.

11. The method of claim 10, further comprising slidably
positioning another RF transmission line within the tubular
conductor so that a distal end of the another transmission line
is electrically coupled to the tubular conductor.

12. The method of claim 9, wherein the tubular conductor
carries an electrical receptacle therein, wherein the RF trans-
mission line carries an electrical plug at the distal end thereof
and comprising the first and second electrical contacts; and
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wherein slidably positioning the RF transmission line com-
prises slidably positioning the RF transmission line so that the
electrical plug engages the electrical receptacle.

13. The method of claim 9, further comprising flowing at
least one fluid through the tubular conductor.

14. An apparatus for heating hydrocarbon resources in a
subterranean formation having a wellbore therein, the appa-
ratus comprising: a tubular conductor positioned within the
wellbore and having first and second electrical contacts; a
radio frequency (RF) transmission line comprising an inner
conductor surrounded by an outer conductor and having third
and fourth electrical contacts coupled respectively to said
inner and outer conductors and carried at a distal end thereof
slidably positioned within said tubular conductor so that said
first and second electrical contacts engage said third and
fourth electrical contacts; and an RF power source configured
to supply RF power, via said RF transmission line, to said
tubular conductor so that said tubular conductor serves as an
RF antenna to heat the hydrocarbon resources in the subter-
ranean formation.

15. The apparatus of claim 14, wherein said tubular con-
ductor has a tubular dielectric section therein defining a
dipole antenna.

16. The apparatus of claim 14, wherein said tubular con-
ductor defines a fluid passageway.

17. The apparatus of claim 14, further comprising at least
one of a temperature sensor and a pressure sensor associated
with said tubular conductor.
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